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ABSTRACT
Wide applications of lasers have stimulated a great interest in development of optical limiting devices.
These devices can be used to protect optical sensors from laser-induced damage because their transmission
is high when they are exposed to low-power laser light, and their transmission becomes low when
irradiated by intense laser beams. Here we report such a device based on nonlinear optical effects in two
neutral nickel complexes with multi-sulfur 1,2 dithiolene ligands, [Ni(medt)2] 1 (medt 5,6-dihydro-6-
methyl- 1 ,4-dithiin-2,3-dithiolate) and [Ni(phdt)2] 2 (phdt 5,6-dihydro-5-phenyl-1 ,4-dithiin-2,3-
dithiolate). The limiting device consisted of a focusing setup and a 1-mm-thick cell, which contained a
benzene solution of one of the complexes. The limiting properties were investigated by both nanosecond
and picosecond laser pulses. At 532 nm, the limiting thresholds of complexes 1 and 2 measured by the
picosecond laser pulses with a (ft25) focusing geometry were determined to be —O.3 J/cm2. The linear
absorption spectra of the two complexes also indicated that their limiting response should cover the visible
and near-infrared region (up to 900 nm). All these results show their limiting performance is superior to the
limiting effect in C60. Picosecond time-resolved pump-probe and Z-scan experiments revealed that the
observed limiting effects should originate from excited-state absorption and refraction.
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1. INTRODUCTION
In recent years, materials exhibiting strong nonlinear-optical behavior have been of considerable
interest because of their applicability in a variety of optical devices.' In particular, optical limiters have
received significant attention as a result of the growing needs for protection of both human eyes and optical
sensors from intense laser beams. An idea optical limiter should have the capability of being transparent at
low-energy laser pulses and opaque at high energies. The most frequently reported materials are fullerenes
(C60), 1-6 and phthalocyamne complexes, which are generally regarded as the best candidate for optical-
limiting applications. They are materials that exhibit strong reverse saturable absorption. For such
materials, when irradiated by laser pulses, the electrons at the ground state are promoted to the excited
singlet state by the ground state absorption in the material. Through inter-system crossing, a part of the
electrons end up at the excited triplet state. Due to stronger absorption of the excited states, there is a
decrease in the material transmission, thus leading to the desired limiting effect.
We note that there exists another class of mate:rials, nickel complexes of 1 ,2-dithiolene ligands. These
dithiolenes have been used as Q-switch dyes for near infrared lasers such as Nd:YAG lasers since the early
seventies." Recently, they have also been intensively investigated as optical-switching materials for optical
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communications,'2'5 molecular magnets, conductors and superconductors. 1620I is to our knowledge that
no investigations have been carried out on the optical-limiting properties of dithiolene complexes. Here we
report the observation of the optical-limiting effects in two neutral nickel complexes with multi-sulfur
dithiolene ligands, [Ni(medt)2J(medt 5,6-dihydro-6-methyl-l ,4-dithiin-2,3-dithiolate) 1 and [Ni(phdt)2](phdt = 5,6-dihydro-5-phenyl-1,4-dithinn-2,3-dithiolate) 2. The observation has been carried out by
nanosecond and picosecond laser pulses at wavelength of 532 nm. The mechanisms leading to the observed
limiting effects are also investigated.
2. EXPERIMENTAL
The preparation of the two dithiolene complexes 1 and 2 was reported 15 The structures of both
complexes were identified from JR spectra and elemental analysis. The chemical structures of complexes 1
and 2 are shown schematically in Fig. 1. It can be seen that the four sulfur atoms surrounding the nickel
atom yield a square planar coordination. The five-membered ring contaimng the nickel atom forms a
delocalized it-electron system, making it favorable nonlinear-optical material.
The dithiolene complexes 1 and 2 were dissolved in benzene (C6H6) and contained in 1-mm-thick quartz
cells for optical measurements. The electronic spectra of the two solutions were recorded with a
spectrophotometer (Hitachi U-3410). The nonlinear-optical responses of the two solutions were measured
with frequency-doubled, pulsed Nd:YAG lasers. The lasers were operated at a repetition rate of 10 Hz. The
spatial profiles of the pulses were nearly Gaussian after passing through a spatial filter. Three types of
experimental setup used for the nonlinear-optical measurements are described as follow:
(1) The optical-limiting behavior was observed by measuring the nonlinear (energy-dependent)
transmission of the two solutions with 532-nm laser pulses of 7-ns and 35-ps (FWHM) durations.
The laser pulses were split into two parts: the reflected was used as a reference, and the
transmitted was focused onto the sample. The transmitted pulses were focused onto the sample by
using focusing geometry (fi64) and (fi25) for nanosecond and picosecond measurements
respectively. The sample was placed at the focus where the spot radii of the pulses were 30 5 m
and 24 5 tm (FW1/e2M) for the 7-ns and 35-ps pulses, respectively. An aperture with a
transmittance of 40% was placed in front of the transmission detector when the measurements
were performed. Both the incident and transmitted pulse energies were monitored simultaneously
by using two energy detectors (Rjp-735 energy probes, Laser Precision), which were connected to
a computer by an IEEE interface.
(2) The Z-scan setup 21, 22 was similar to that used for the above measurements except that the sample
was moved along the propagation direction (Z-axis) of the transmitted beam with respect to the
focal plane. By keeping the incident pulse energy constant, the pulse energy transmission through
the sample was measured with respect to the sample Z-position, The aperture was placed in front
of the transmission detector in the closed-aperture Z-scans and removed in the open-aperture Z-
scans.
(3) The picosecond time-resolved pump-probe experimental setup was a standard arrangement, where
the peak irradiance of the probe pulse is approximately 1% of that of the pump pulse. The pulse
duration was 14 ps (HWHM). The probe pulse was focused to a spot size approximately one
fourth as large as the pump pulse as to reduce the spatial averaging effects while sampling the
largest nonlinearity. The spot size of the pump pulse was 100 .tm. The pump pulse and the probe
pulse were incident on the sample at an angle of 30 with respect to each other.
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Fig. 1 Absorption spectra of complexes 1 (---) and 2 (—) in benzene solution with 1-mm optical path and
concentration of 1 . 9 x 104M for complex 1 and 6. 1 x 104M for complex 2. Inset shows the structures of
the two complexes.
3. RESULTS AND DISCUSSION
The UV-visible absorption spectra of complexes 1 and 2 in benzene solution are depicted in Fig. 1.
It is noticed that there is a relatively low absorption in the visible and near-IR region (400-900 ma) for
both the complexes. The spectra are dominated by two intense absorption bands, one band is centered
at around 1000 nm (_* transition) and the other one at around 300 nm (ascribed to S-÷M charge
transfer band).'5 These indicate that both complexes have generally a broader transparent range than
phthalocyanines (500-700 nm).7 Since a broad transparent range is an important criterion in the
assessment of optical-limiting materials, the spectra of these nickel dithiolene complexes have shown
that their limiting response should cover a wider range thus are more superior than phthalocyanines
complexes.
Fig. 2 shows the normalised transmiuances of complexes 1 and 2 in benzene solution measured
with the nanosecond and picosecond pulses. The linear transmittance of the two solutions was about
83% at 532 nm. The linear transmittance of both the solutions was about 33% when the aperture was
used. At very low input fluences, the transmissions of the two solutions behave linearly. The
transmiuance begins to decrease rapidly as the incident fluence reaches about 0. 1 J/cm2 for both
complexes 1 and 2. The limiting threshold is defined here as the incident fluence at which the
transmittance falls to 50%of the linear transmittance. From Fig. 2, the limiting thresholds of complexes
1 and 2 are determined to be —0.3 J/cm2 for the picosecond measurements and —2.0 J/cm2 for the
nanosecond measurements. It should be pointed out that the optical limiting responses were measured
with the aperture placed in front of the transmission detector. It is known that such an aperture can
enhance the limiting effect by blocking a part of the transmitted beam, which is expanded due to self-
lensing effect in the high-power regime. The limiting effects were observed to deteriorate without the
aperture, indicating that a seif-lensing effect had enhanced the limiting effect in Fig. 2.
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Fig. 2 Fluence-dependent transmittance of the complexes measured at 532 nm. (a) The filled circles (.) and the
open triangles (Li) were the data measured with 7-ns laser pulses for complexes 1 (1 .9 x 104M) and 2
(6.1 x 1OM), respectively. (b) The filled circles (.) and the open triangles (z) were the data measured
with 35-ps laser pulses for complexes 1 (1 .9 x 104M) and 2 (6. 1 x 104M), respectively.
To gain insight on the mechanisms leading to the observed limiting effects, we performed the
picosecond time-resolved pump-probe experiments and Z-scan measurements. The pump-probe
experiments were conducted at the pump fluence of 0.06 i/cm2. The pump-probe results for complexes
1 and 2 are displayed in Fig. 3. The linear transmittance for complexes 1 and 2 was 67% and 85%,
respectively. The ground-state absorption cross-sections, a, were measured to be 9.3 x 1018cm2 for 1
and 2.8 x 1O8 cm2 for 2 at 532 nm. The data in Fig. 3 are a typical behavior resulting from excited-
state absorption. Based on a five-level model, 23 we fit the data with equation (1),
T(t) = T(O)bexp(-t/z-r)+ (1-b)exp(-t/rs), (1)
where T(t) is the normalised nonlinear transmittance; v2 is the lifetime of the triplet state; r3 is the
lifetime of the singlet state and b is given by (2),
b = _____
(2)
where ?1and Ua2 are cross-sections of the excited singlet and triplet state, respectively and b is the
percentage of the total excited-state population that ends up in the thplet state and is given by rs/.
By the best fits, we determinedthat r 0.1 s and r 0.8 ns for 1; and r 0.1 s and rs 1.5 us for
2. We also found that b = 0.23 and 0.45 for complexes 1 and 2, respectively.
0.1 1 0.1 1
Incident Fluence (J/cm2) Incident Fluence (JIcm2)
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Fig. 3 Probe transmittance as a function of time delay for (a) complex 1 (1.4 x 103M) and (b) complex 2 (6.2 x
104M). The pump fluence was 0.06 J/cm2. The filled circles (.) are the experimental data and the thick
curves ( — ) are the theoretical fits.
In order to obtain the nonlinear cross-sections for these complexes, we conducted the Z-scan
measurements. The Z-scan results for complexes I and 2 obtained from the nanosecond and picosecond
measurements are shown in Fig. 4, which show a positive sign for the nonlinear refraction in
complexes 1 and 2. This indicates that the laser beam propagating in both the complexes should
undergo a self-focusing process. This self-focusing process can enhance limiting effectiveness as
shown in our nonlinear transmission measurements. The positive sign of the refractive nonlinearities in
the two complexes is similar to that found in metallopthalocyanines; and such nonlinearities are
attributed to excited-state refraction.7 In Fig. 4, the solid curves are the best fitting by using the five-
level model.23 In the fittings, all the lifetimes used are those determined from the pump-probe data. The
picosecond Z-scans measured with and without the aperture enabled us to unambiguously extract the
absorptive cross-section, and refractive cross-section, (C7r1) for the excited singlet state.7 Similarly, the
nanosecond Z-scans enabled us to obtain the absorptive cross-section and refractive cross-section, (O.r2)
for the excited triplet state. These cross-sections are listed in Table 1 and compared favorably with
those of silicon naphthalocyanines (SiNc) and chioro-alumimmum phthalocyanines (CAP).7
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Fig. 4 Z-scan results for complexes 1 (1.9 x 104M) and 2 (6. 1 x 104M). The data in (a) and (b) were obtained
with the 7-as pulses. The results in (c) and (d) were recorded with the 35-ps pulses. The input energies
for the nanosecond and picosecond measurements were 25 J and 5 tJ, respectively. The open circles
(0) and open triangles (Li) were the Z-scan data measured without the aperture and the filled circles (.)
and filled tnangle (A) were those obtained from dividing the closed-aperture Z-scans by the open-
aperture ones.
Table 1 : Excited-state properties ofnickel dithiolenes, phthalocyanines and naphthalocyanines
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Sample Pulse
width
rT
(is)
.d
(ns) (ns)
aajf
(1O7cm2)
.ag
(10'7cm2)
.rh
(1017cm2)
ri
(1017cm2)
29 Ps
and
NAb 18 7 2.3 NAb 1.8 NA5
SiNca
61 Ps
29ps
and
61 Ps
NAb 16 3.15 3.9 NAb 0.47 NAb
Complex 7ns 0.1 13 0.85 5.0 2.2 2.0 1.8
1 and
35 Ps
Complex 7 ns 0. 1 6 2 2.5 1 .0 3 .2 1.8
2 and
35 Ps
-0.05 -0.03 0.00 0.03 0.05 -0.02 0.00 0.01 0.03
z Position (m)
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ap]. b Results not available; CTriplet state lifetime; dter_system crossing time; eSinglet state lifetime;
f Singlet excited-state absorption cross-section; g Triplet excited-state absorption cross-section; Singlet
excited-state refraction cross-section; Triplet excited-state refraction cross-section.
4. CONCLUSION
The optical-limiting and nonlinear-optical properties of two neutral nickel ditbiolene complexes,
[Ni(medt>] 1 and [Ni(phdt)2j 2 have been observed with nanosecond and picosecond laser pulses. The
observed nonlinear effects in the two complexes can be explained by excited-state absorption and
refraction. These two complexes are shown to be promising for limiting applications in the visible and
near infrared spectral region.
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